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ABSTRACT Oncolytic virotherapy represents a promising experimental anticancer
strategy, based on the use of genetically modified viruses to selectively infect and
kill cancer cells. Vesicular stomatitis virus (VSV) is a prototypic oncolytic virus (OV)
that induces cancer cell death through activation of the apoptotic pathway, al-
though intrinsic resistance to oncolysis is found in some cell lines and many primary
tumors, as a consequence of residual innate immunity to the virus. In the effort to
improve OV therapeutic efficacy, we previously demonstrated that different agents,
including histone deacetylase inhibitors (HDIs), functioned as reversible chemical
switches to dampen the innate antiviral response and improve the susceptibility of
resistant cancer cells to VSV infection. In the present study, we demonstrated that
the NAD�-dependent histone deacetylase SIRT1 (silent mating type information
regulation 2 homolog 1) plays a key role in the permissivity of prostate cancer
PC-3 cells to VSVΔM51 replication and oncolysis. HDI-mediated enhancement of
VSVΔM51 infection and cancer cell killing directly correlated with a decrease of SIRT1 ex-
pression. Furthermore, pharmacological inhibition as well as silencing of SIRT1 by small
interfering RNA (siRNA) was sufficient to sensitize PC-3 cells to VSVΔM51 infection, re-
sulting in augmentation of virus replication and spread. Mechanistically, HDIs such as
suberoylanilide hydroxamic acid (SAHA; Vorinostat) and resminostat upregulated the
microRNA miR-34a that regulated the level of SIRT1. Taken together, our findings iden-
tify SIRT1 as a viral restriction factor that limits VSVΔM51 infection and oncolysis in pros-
tate cancer cells.

IMPORTANCE The use of nonpathogenic viruses to target and kill cancer cells is a
promising strategy in cancer therapy. However, many types of human cancer are re-
sistant to the oncolytic (cancer-killing) effects of virotherapy. In this study, we iden-
tify a host cellular protein, SIRT1, that contributes to the sensitivity of prostate can-
cer cells to infection by a prototypical oncolytic virus. Knockout of SIRT1 activity
increases the sensitivity of prostate cancer cells to virus-mediated killing. At the mo-
lecular level, SIRT1 is controlled by a small microRNA termed miR-34a. Altogether,
SIRT1 and/or miR-34a levels may serve as predictors of response to oncolytic-virus
therapy.
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Oncolytic virotherapy represents a promising approach to experimental cancer
therapy, based on the use of different viruses as self-expanding biotherapeutics

that selectively infect and kill cancer cells (1, 2). The therapeutic potential of oncolytic
viruses (OVs) has been highlighted by the approval of the oncolytic recombinant
herpesvirus talimogene laherparepvec (T-VEC) for the treatment of inoperable malig-
nant melanoma (3) as well as by recent preclinical trials combining OV therapies with
the use of immune checkpoint inhibitors (4, 5). Despite significant progress in OV
immunotherapy, the heterogeneity of the clinical response to OV-based therapies and
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the engagement of the adaptive immune response against viral rather than tumor
antigens represent crucial obstacles to the large-scale clinical implementation of on-
colytic virotherapy against multiple types of cancer. In addition, many primary human
malignancies and some tumor cell lines maintain a residual innate immune response
that renders tumor cells resistant to OV infection and virus-mediated cell killing (6).

To overcome these challenges, numerous efforts have sought to improve OV
therapeutic efficacy through viral engineering or the development of combination
strategies. For example, a genetic variant of vesicular stomatitis virus (VSV), VSVΔM51,
contains a deletion at methionine 51 in the matrix protein that improves its tumor
specificity and impairs its replication in normal cells that have functional antiviral
defenses (7, 8). Previous studies have demonstrated the synergistic effect of different
agents, including histone deacetylase (HDAC) inhibitors (HDIs), as reversible chemical
switches to dampen the innate antiviral response and improve the susceptibility of
resistant cancer cells to VSVΔM51 infection and spread (9). We demonstrated that
suberoylanilide hydroxamic acid (SAHA; Vorinostat) stimulated NF-�� activity via mod-
ulation of RelA/p65 signaling, leading to induction of autophagy, suppression of the
interferon (IFN)-mediated response, and subsequent enhancement of VSV replication
and apoptosis (10).

Among the HDAC family members, sirtuins represent a family of seven NAD�-
dependent enzymes that belong to class III HDACs, all with distinct structures, func-
tions, and subcellular localizations. Sirtuins have emerged as important regulators of
different physiological and pathological processes, including metabolic disease, age-
related disorders, neurodegeneration, inflammation, and cancer (11–13). SIRT1 (Silent
mating type information regulation 2 homolog 1) is the best characterized among the
sirtuins, and its levels are significantly elevated in prostate, ovarian, and colorectal
cancer (14–16). A role for SIRT1 in promoting tumor cell growth and chemoresistance
in androgen-refractory prostate cancer has been reported previously (17, 18). Further-
more, SIRT1 inhibition has been reported to suppress cell growth and induce cell cycle
arrest or apoptosis in cancer cells (19, 20).

SIRT1 expression can be regulated at both transcriptional and posttranscriptional
levels, and several mechanisms involved in dysregulation of SIRT1 in cancer cells have
been proposed previously (21). In cancer cells, inactivation of the tumor suppressor p53
by genetic or epigenetic mechanisms leads to upregulation of SIRT1 transcription (22).
On the other hand, the RNA binding protein HuR, a potential oncoprotein, stabilizes
SIRT1 mRNA through 3=-untranslated region (3=-UTR) interactions leading to elevated
SIRT1 levels (23), thus suggesting that the posttranscriptional regulation of SIRT1 may
also be important in governing SIRT1 expression in tumors.

SIRT1 expression is also regulated by specific microRNAs (miRNA), small (18-to-24-
nucleotides) noncoding RNAs that elicit their regulatory effects by base pairing with
specific sequences (miRNA response element) in the 3=-UTR of target mRNAs, causing
their degradation or inhibition of translation (24). MicroRNAs—miR-34a and miR-132—
bind directly to the 3=-UTR of SIRT1 mRNA, leading to suppression of SIRT1 expression
in colon and prostate cancer cells (25, 27) and adipocytes (26), respectively. miR-34a is
a recognized tumor suppressor gene (25, 28), and inhibition of SIRT1 by miR-34a results
in increased acetylation of p53, as well as expression of p21 and PUMA, which regulate
the cell cycle and apoptosis, respectively (25).

Sirtuins, and, in particular, SIRT1, have been identified as evolutionarily conserved
antiviral defense factors. Small interfering RNA (siRNA)-mediated knockdown of indi-
vidual sirtuins increased the virus production in human cells infected with human
cytomegalovirus (HCMV) or influenza A virus (29). SIRT1 was reported to inhibit
different viruses, including VSV (30) and Kaposi’s sarcoma-associated herpesvirus
(KSHV) (31).

In the present study, we demonstrated that SIRT1 plays a key role in the permissivity
of prostate cancer cells to VSVΔM51 replication and oncolysis. SIRT1 knockdown by
siRNA was sufficient to sensitize PC-3 cells to VSVΔM51 infection and replication.
Furthermore, HDI-dependent enhancement of VSVΔM51 infection and cancer cell
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killing was directly linked to the HDI-mediated decrease in SIRT1 expression. Mecha-
nistically, HDIs such as SAHA, resminostat (RESM), and MS-275 upregulated the mi-
croRNA miR-34a, which controls in part the levels of SIRT1. Taken together, our findings
identify SIRT1 as a viral restriction factor that limits VSVΔM51 infection and oncolysis in
prostate cancer cells.

RESULTS
Inhibition of HDAC1 and HDAC3 induces S-phase depletion and G2/M-phase

accumulation in PC-3 cells. As a part of our studies to examine the mechanistic basis
of the synergism between HDIs and oncolytic VSV, we examined the effect of SAHA in
human prostate cancer PC-3 cells and found that SAHA treatment caused a dose-
dependent reduction in the number of PC-3 cells in the S phase and a concomitant
accumulation of cells in the G2/M phase (Fig. 1A). The number of PC-3 cells in the S
phase decreased from �16% to 3% of the total cells with increasing concentrations of
SAHA. SAHA-mediated G2/M cell cycle arrest was accompanied by enhanced suscep-
tibility to VSVΔM51 infection, as reflected by the dose-dependent increase in the
number of VSVΔM51 green fluorescent protein-positive (VSVΔM51-GFP�) cells, result-
ing to �90% infectivity (Fig. 1B). Furthermore, an increase in the level of VSVΔM51-
mediated PC-3 cell killing was also observed in cell cycle-arrested SAHA-treated cells
(Fig. 1C), and, consistent with the G2/M cell cycle arrest, addition of SAHA increased
expression of cell cycle inhibitor p21WAF1 (cyclin-dependent kinase inhibitor 1A
[CDKN1A]) (Fig. 1D).

Next, the effect of different HDIs on cell proliferation was examined to determine the
relative contributions of different HDACs to the enhanced susceptibility of PC-3 cells to
VSVΔM51 infection. Tubastatin A (TBSA; an HDAC6 specific inhibitor), MS-275 (a specific
HDAC1/HDAC3 inhibitor), and resminostat (RESM; a well-known HDAC1/HDAC3/HDAC6
inhibitor) were compared to the pan-HDAC inhibitor SAHA for the ability to induce cell
cycle arrest. As seen with SAHA, RESM treatment caused a reduction in the percentage
of S-phase cells (from 13.2% � 1.0% to 4.2% � 1.1%) and accumulation of cells in the
G2/M phase (from 23.5% � 2.8% to 36.3% � 2.3%); MS-275 treatment likewise
decreased the number of cells in S phase (from 13.2% � 1.0% to 2.4% � 0.8%).
Conversely, TBSA treatment did not significantly impact S-phase and G2/M-phase
distribution, thus indicating that simultaneous inhibition of HDAC1 and HDAC3 was
involved in the PC-3 cell cycle arrest (Fig. 1E). Consistent with these results, SAHA, RESM,
MS-275 treatments led to the upregulation of CDKN1A gene expression while down-
regulating cyclin-dependent kinase 6 (CDK6) and cyclin D1 (CCDN1), which are key
regulators of the G1/S transition (Fig. 1F). Further, SAHA, RESM, and MS-275 treatments
led to the upregulation of p21 expression and to decreased levels of I�B� as an
indication of increased NF-�B activity, as well as to enhanced autophagic flux, detected
by augmented levels of p62/SQSTM1 and increased lipidated LC3B II accumulation (Fig.
1G). Moreover, SAHA and RESM treatments led to the upregulation of the cell cycle
regulator p16INK4A. In contrast, TBSA treatment did not induce p21 increase and was
not sufficient to induce NF-�B and autophagic flux activation.

Inhibition of HDAC1 and HDAC3 sensitizes PC-3 to VSV�M51 infection and
VSV-mediated cell death. As measured by flow cytometry analysis of VSVΔM51-GFP�

cells, SAHA, RESM, MS-275, and TBSA all synergized with VSV to increase the level of
PC-3 infection from 11.9% � 4.6% (VSVΔM51 alone) to 85.2% � 3.9%, 82.1% � 9.7%,
77.8% � 4.2%, and 48.4% � 9.9%, respectively, at 24 h postinfection (p.i.) (Fig. 2A and
B). Enhanced cell killing was elicited by combinatorial treatment with SAHA, RESM, and
MS-275 based on the increase in the proportion of annexin V� cells (from 2.3% � 1.2%
in VSVΔM51 alone to 26.1% � 4.3%, 20.0% � 6.1%, and 16.6% � 1.7%, respectively),
whereas treatment with TBSA did not increase the proportion of annexin V� cells
(2.1% � 0.5%) (Fig. 2C). Levels of expression of both BH3-only proapoptotic genes
(Puma and Noxa) were upregulated in SAHA-, RESM-, and MS-275-treated and VSV-
infected cells, whereas antiapoptotic genes Mcl1 and Bcl-xL were downregulated by
SAHA, RESM, and MS-275 treatment but not in TBSA-treated infected cells (Fig. 2D).
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FIG 1 Inhibition mediated by HDAC1 and HDAC3 induces a marked depletion of S-phase cells and increase in the levels
of G2/M cells in PC-3 cell cycle arrest. (A) The cell cycle distribution of PC-3 cells treated for 24 h with increasing
concentrations of SAHA (0 to 5 �M) was analyzed by propidium iodide (PI) staining by flow cytometry. The percentages
of cells in the G0/G1, S, and G2/M phases were evaluated by measuring DNA content. Data represent means � SD of
results from three independent experiments. (B and C) PC-3 cells, pretreated as described for panel A, were subsequently
infected with VSVΔM51-GFP (MOI of 10�2). Infectivity was quantified at 24 h postinfection (p.i.) by flow cytometry. (B) Cell
death was assessed using annexin V (AnnV)/7AAD staining by flow cytometry. (C) Data represent means � SD of results
from three experiments. (D) PC-3 cells treated with SAHA (5 �M) for 24 h (T0), as well as PC-3 cells pretreated with SAHA
and then infected with VSVΔM51-GFP (MOI of 10�2) for a subsequent 24 h, were analyzed for CDKN1A gene expression
by qPCR. Gene expression levels were calculated using the threshold cycle (ΔΔCT) method. Data represent means � SD
of results from three independent experiments. The same samples were used to obtain total cell extracts and analyzed
by immunoblotting for p21 protein levels. �-Actin was used as a loading control. Results are from a representative
experiment. F.I., fold increase. (E to G) PC-3 cells were treated with SAHA (5 �M), RESM (5 �M), TBSA (10 �M), or MS-275
(10 �M) for 24 h (T0) or were left untreated (DMSO). (E) The cell cycle distribution was analyzed by PI staining by using
flow cytometer. (F) CDKN1A, CDK6, and CCDN1 gene expression levels were evaluated by qPCR analysis. The gene
expression levels were calculated using the ΔΔCT method. Data are representative of results from three independent
experiments. (G) Total cell extracts were analyzed by immunoblotting for p21, p16INK4A, I�B �, SQSTM1, and LC3B.
GAPDH was used as a loading control. Acetyl-�-tubulin and acetyl-histone H3 were used as controls for analysis of the
specific activity of the different HDAC inhibitors. Results are from a representative experiment.
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Consistent with the activation of the intrinsic apoptotic pathway, Bcl-xL protein ex-
pression was reduced, while downstream caspase-3 was activated upon SAHA, RESM, or
MS-275 combinatorial treatment, leading to poly(ADP-ribose) polymerase (PARP) cleav-
age (Fig. 2E). In addition, the use of either SAHA treatment or RESM treatment induced
the production of proinflammatory cytokines interleukin-6 (IL-6) and IL-8 in VSV-
infected cells, while MS-275 treatment induced the upregulation of IL-8 (Fig. 2F).
Collectively, the features of VSV-positive HDI-treated cells— cell cycle arrest, p21 and
p16INK4A upregulation, inflammatory cytokine release—are reminiscent of the
senescence-associated secretory phenotype (SASP) identified in many cells undergoing
metabolic stress.

Pharmacological and genetic inhibition of SIRT1 expression enhances
VSV�M51 infectivity and cell death in PC-3 cells. Given that the development of a
SASP-like phenotype may have an impact on the susceptibility of PC-3 to VSVΔM51
infection and replication, we next sought to evaluate the role of the antisenescence
gene SIRT1 as a potential candidate HDAC involved in regulating SASP and/or VSV
infectivity. Interestingly, treatment with either SAHA, RESM, or MS-275 significantly
downregulated SIRT1 expression by more than 4-fold compared to untreated cells,
whereas TBSA did not inhibit SIRT1 expression (Fig. 3A). A robust decrease in the gene
expression levels of SIRT1 was confirmed (Fig. 3B). To determine whether there is a
causal link between the changes in the SIRT1 levels and the enhanced sensitivity of
PC-3 to VSVΔM51 infection, we used the SIRT1 inhibitor nicotinamide (NAM), which is

FIG 2 Inhibition of HDAC1 and HDAC3 sensitizes PC-3 cells to VSVΔM51 infection and VSV-mediated cell death. PC-3 cells were pretreated
with SAHA (5 �M), RESM (5 �M), TBSA (10 �M), or MS-275 (10 �M) or were left untreated (DMSO) and were subsequently infected with
VSVΔM51-GFP (MOI of 10�2). (A and B) Infectivity was determined at 24 h p.i. by fluorescence microscopy (A) or quantified by flow
cytometry (B). (C) Cell death was assessed using annexin V/7AAD staining by flow cytometry. Data represent means � SD of results from
three experiments. (D) Expression of proapoptotic (left panel) and antiapoptotic (right panel) genes was evaluated by qPCR analysis. (E)
Total cell extracts were analyzed by immunoblotting for PARP, cleaved caspase-3, and Bcl-xL. �-Actin was used as a loading control. Results
are from a representative experiment. (F) Gene expression of proinflammatory cytokines (IL-6 and IL-8) was evaluated by qPCR analysis
at 24 h p.i. (D and F) Gene expression levels were calculated using the ΔΔCT method. Data represent means � SD of results from three
independent experiments.
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FIG 3 Inhibition of SIRT1 expression enhances VSVΔM51 infectivity and cell death in PC-3 cells. (A and B) PC-3 cells were treated with SAHA
(5 �M), RESM (5 �M), TBSA (10 �M), or MS-275 (10 �M) for 24 h or were left untreated (DMSO) and were subsequently infected with
VSVΔM51-GFP (MOI of 10�2) for 24 h. (A) Total cell extracts were analyzed by immunoblotting for SIRT1, I�B �, and VSV G. �-Actin was
used as a loading control. Results are from a representative experiment. (B) Analysis of Sirt1 gene expression by qPCR. Gene expression
level was calculated using the ΔΔCT method. Data represent means � SD of results from three independent experiments. (C and D) PC-3
cells were treated with increasing concentrations of nicotinamide (NAM) for 24 h and subsequently infected with VSVΔM51-GFP (MOI of
10�2) for 24 h. (C) Infectivity was determined at 24 h p.i. by fluorescence microscopy or quantified by flow cytometry. (D) Total cell extracts
were analyzed by immunoblotting for SIRT1, p21, p62/SQSTM1, and LC3B. GAPDH was used as a loading control. Results are from a
representative experiment. (E to I) PC-3 cells were transfected with control (CTR) or Sirt1 siRNA and were infected 48 h later with
VSVΔM51-GFP (MOI of 0.01 or 0.05). (E) Whole-cell extracts were analyzed by immunoblotting for SIRT1 and VSV G. GAPDH was used as
a loading control. Results are from a representative experiment. Lipo, Lipofectamine; siCTR, small interfering control; siSIRT1, small
interfering SIRT1. (F and G) Viral infectivity was determined at 24 h p.i. by fluorescence microscopy (F) and measured by flow cytometry
(G). Data represent means � SD of results from three independent experiments. (H) Viral RNA levels were measured by qPCR. (I) Cell death
was assessed using 7-AAD staining by flow cytometry.

Muscolini et al. Journal of Virology

August 2019 Volume 93 Issue 15 e00626-19 jvi.asm.org 6

https://jvi.asm.org


an active form of nicotinic acid (vitamin B3) and a precursor of NAD� (32, 33). As shown
in Fig. 3C, NAM-mediated inhibition of SIRT1 enzymatic activity increased the percent-
age of infected cells from �10% to 60% to 80% of GFP-positive cells in a dose-
dependent manner. NAM treatment was accompanied by a reduction of SIRT1 levels
and by upregulation of p21 as well as by modulation of autophagic flux (Fig. 4D).

FIG 4 Resveratrol-mediated SIRT1 activation reverses the synergistic effect of SAHA on VSVΔM51 replication. (A) PC-3 cells were treated
with resveratrol (Rsv) at different concentrations for 2 h prior to the addition of SAHA (5 �M) or not (DMSO) for 24 h and were
subsequently infected with VSVΔM51-GFP (MOI of 10�2). Infectivity was determined at 24 h p.i. by fluorescence microscopy (A) or
quantified by flow cytometry (B). Data represent means � SD of results from three experiments. (C) Total lysates were analyzed by
immunoblotting for SIRT1 expression. GAPDH was used as a loading control. Results are from a representative experiment. (D) DU-145 cells
were treated with Rsv 50 �M or not for 24 h, and subsequently infected with VSVΔM51-GFP (MOI of 10�2). Infectivity was determined at
24 h p.i. by fluorescence microscopy or quantified by flow cytometry. Data represent means � SD of results from three experiments. (E
to H) U-2 OS cells were transfected with SIRT1 WT, H363Y mutant or the empty vector (vec) and 24 h later were infected with
VSVΔM51-GFP (MOI of 10�3 or 10�2). Viral infectivity was determined at 24 h p.i. by fluorescence microscopy (E) and measured by flow
cytometry as the percentage of GFP-positive cells (F) and GFP mean fluorescence intensity (MFI) (G). (H) Whole-cell extracts were analyzed
by immunoblotting for FLAG, SIRT1, and VSV G. L.E., long exposure; S.E., short exposure. GAPDH was used as a loading control. Results
are from a representative experiment. Data represent means � SD of results from three independent experiments.
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Next, the expression of Sirt1 was inhibited using specific siRNA directed against
Sirt1. Knockdown efficiency was estimated at �85% in immunoblot analysis comparing
control and siRNA-transfected cells (Fig. 3E, lanes 4 to 6 compared to lanes 7 to 9).
Strikingly, the silencing of Sirt1 led to a dramatic increase in the number of VSVΔM51-
GFP� cells following infection (Fig. 3F and G), altogether representing a 5-fold to
10-fold increase in the number of GFP� PC-3 cells from less than 10% to �50%
positivity at a multiplicity of infection (MOI) of 0.01. Measurements of the intracellular
levels of VSV RNA likewise reflected increased replication of VSV (Fig. 3H); also, VSV G
protein expression levels were 4-fold higher in VSV-infected PC3 cells silenced for Sirt1
(Fig. 3E; compare lane 6 and lane 9). Consistently, enhanced cell killing was observed
in Sirt1 knocked-down VSVΔM51-infected cells compared to control cells (Fig. 3I).
Furthermore, SIRT1 silencing, as well as its inhibition using the specific SIRT1 inhibitor
EX-527, caused a G0/G1 cell cycle arrest, resulting in an accumulation of cells in the
G0/G1 phase and concomitant reduction of cells in the S phase, accompanied by
reductions in the levels of CDK6 and CCDN1 mRNA (data not shown). Taken together,
these results establish an inverse relationship between SIRT1 levels and VSV infection
and replication.

Activation and upregulation of SIRT1 impair VSV�M51 infection in PC-3 cells.
To test whether the use of a SIRT1 agonist to promote SIRT1 expression would inhibit
VSV replication, PC-3 cells were treated with resveratrol (Rsv), previously characterized
as a potent activator of SIRT1 (34). Resveratrol addition induced the expression of SIRT1
(Fig. 4C) and effectively reversed the synergistic effect of SAHA, resulting in a decrease
in VSVΔM51 infectivity (Fig. 4A and B). Moreover, in VSV-sensitive DU-145 prostate
cancer cells, addition of Rsv strongly inhibited VSVΔM51 infection (Fig. 4D).

Next, we overexpressed the SIRT1 wild-type (WT) vector, the dominant-negative
H363Y mutant without deacetylase activity, or empty vector (vec) in VSV-sensitive U-2
OS cells. Overexpression of SIRT1 WT reduced the number of VSVΔM51-GFP�-infected
cells from 23.1% to 7.4% at an MOI of 10�3 (Fig. 4E and F) and lowered the VSV G
protein expression level 3-fold (Fig. 4H; compare lanes 2 and 5). Expression of the SIRT1
H363Y mutant did not alter VSV infectivity in U-2 OS cells (Fig. 4E and F), since
endogenous SIRT1 levels were already low (Fig. 4H). These results further support the
inverse relationship between SIRT1 expression and VSV permissivity.

miR-34a upregulation augments the permissivity of PC-3 cells to VSV�M51
infection. Regulation of SIRT1 expression is dictated in part by the function of miR-34a,
a microRNA that binds to the 3=-UTR of SIRT1 mRNA and controls SIRT1 expression (25).
Consistent with the observations described above, expression of miR-34a after SAHA or
RESM treatment increased 3-fold (Fig. 5A), concomitant with a reduction in SIRT1
expression (Fig. 3A). Inhibition of miR-34a using a specific antagonist (anti-miR-34a)
blocked SAHA-mediated miR-34a induction (Fig. 5B) and counteracted the synergistic
effect of SAHA, resulting in a decrease in the proportion of VSVΔM51-GFP�-infected
cells, from 77.6% � 4.7% to 37.4% � 2.8% (Fig. 5C and D).

Ectopic expression of a mature miR-34a mimic (pre-miR-34a) in PC-3 cells (Fig. 5E)
resulted in a concomitant reduction of Sirt1 mRNA levels (Fig. 5F), increased the
proportion of VSVΔM51-GFP�-infected cells from 8.9% � 3.8% to 46.0% � 7.0% at an
MOI of 0.01 (Fig. 5G and H), and augmented the levels of VSV mRNA (Fig. 5I), further
corroborating the role of miR-34a in regulating permissivity to VSVΔM51.

In addition, the levels of miR-34a RNA and SIRT1 expression were examined in PC-3,
DU-145, and LNCaP cells; as shown in Fig. 6A, LNCaP expressed the highest levels of
miR-34a, with DU-145 and PC-3 expressing �3-fold-lower and �10-fold-lower levels of
miR-34a, respectively. Conversely, SIRT1 expression was highest in PC-3 cells and was
1.5-fold and 3-fold lower in DU-145 and LNCaP cells, respectively (Fig. 6B); this recip-
rocal relationship correlated with the differential sensitivities of these prostate cancer
cells to VSVΔM51 infection. LNCaP cells (with high miR-34a and low SIRT1 levels) were
the most susceptible to infection (�90% infected cells), compared to DU-145 (�60%
infected cells) and PC-3 (low miR-34a and high SIRT1) (�10% infected cells) (Fig. 6C).
Taken together, these results demonstrate that the enhanced sensitivity of prostate
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cancer cells to VSVΔM51 infection is attributable to elevated levels of miR-34a accom-
panied by a strong reduction in the level of SIRT1 expression.

DISCUSSION

A significant obstacle to the development of oncolytic-virus-based therapies for
cancer is the resistance of many cancer cell lines and primary tumors to virus infection,

FIG 5 miR-34a upregulation augments sensitivity of PC-3 cells to VSVΔM51 infection. (A) PC-3 cells were treated
with SAHA (5 �M) or RESM (5 �M) for 24 h or were left untreated (DMSO). (B) PC-3 cells were transfected with 40
or 80 nM anti-miR-34a or the negative control (anti-miR ctr neg) and treated with SAHA 5 �M for 24 h or were left
untreated (DMSO). (A and B) Total RNA containing miRNA was extracted and subjected to real-time RT-PCR for
miR-34a. The expression level of miR34a was normalized to U6. Data are expressed as means � SD (n � 3). (C and
D) PC-3 cells treated as described for panel B were infected with VSVΔM51-GFP (MOI of 10�2). Viral infectivity was
determined at 24 h p.i. by fluorescence microscopy (C) and measured by flow cytometry (D). (E to I) PC-3 cells were
transfected with 30 nM pre-miR-34a or the negative control (pre-miR neg ctr) for 24 h. (E and F) Total RNA
containing miRNA was extracted and analyzed by qPCR for miR-34a (E) and Sirt1 (F) expression. The expression
level of miR34a was normalized to U6. The Sirt1 gene expression level was calculated using the ΔΔCT method. Data
represent means � SD of results from three independent experiments. (G to I) PC-3 transfected as described for
panel E were infected with VSVΔM51-GFP (MOI of 0.01 or 0.05). (G and H) Viral infectivity was determined at 24 h
p.i. by fluorescence microscopy (G) and measured by flow cytometry (H). (I) Viral RNA was measured by qPCR.
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attributable in part to the residual antiviral immunity in the tumor cell population.
Another significant roadblock to OV therapy involves the generation of an appropriate
adaptive immune response directed against tumor antigens rather than viral antigens.
Only recently, with the FDA approval of oncolytic virus T-VEC (talimogene laher-
parepvec), has it been possible to envision further development of OV immunothera-
peutics as a companion therapy to immune checkpoint blockade strategies (3).

Among the many efforts aimed at increasing the efficacy of experimental oncolytic
immunotherapies, we and others have explored strategies to potentiate viral oncolysis
in OV-resistant cancer cells by combining OVs with small-molecule compounds that
enhance virus replication and cell killing (9, 10, 35, 36). In previous studies, we
determined that the oncolytic potential of a model oncolytic virus—VSV—was revers-
ibly stimulated in cell lines, animal models, and ex vivo patient samples by the addition
of HDIs, a class of therapeutic compounds that alter host gene expression by epigenetic
modulation of chromatin structure, via inhibition of HDAC activities (37). We demon-
strated that coadministration of HDIs transiently suppressed innate immunity to pro-
mote infection and spread of VSV and significantly enhanced antitumor immunity and
augmented virus-induced apoptosis (9, 10).

In the present study, we sought to further understand the molecular mechanisms of
synergism in HDI and VSVΔM51 combinatorial treatments. We provide evidence that
SIRT1 functions as a host restriction factor that limits VSVΔM51 replication in prostate
cancer cell lines and that inhibition of SIRT1 by pharmacologic or genetic ablation
dramatically increased VSV infection and replication in prostate cancer PC-3 cells.
Mechanistically, HDIs such as SAHA, resminostat, and MS-275 upregulated the
microRNA miR-34a that controls the levels of SIRT1 expression, as shown schematically
in Fig. 7. Consistent with these data, siRNA knockdown of SIRT1 was sufficient to
sensitize PC-3 cells to VSVΔM51 infection and replication, whereas prostate cancer cell
lines (LNCaP and DU145) expressing low levels of SIRT1 were highly susceptible to
VSVΔM51 infection (Fig. 6). The observation that SIRT1 expression was increased in
different human cancers such as prostate cancer, colon cancer, and acute myeloid
leukemia (14, 16, 38), where it inhibits apoptosis and senescence, suggests that SIRT1
inhibition may be useful in predicting which types of cancer would be amenable to
oncolytic-virus treatment.

FIG 6 miR-34a and SIRT1 expression levels determine the permissivity of prostate cancer cells to
VSVΔM51 infection. (A) Total RNA containing miRNA from PC-3, DU-145, and LNCaP cells was extracted
and subjected to real-time RT-PCR for miR-34a. The expression level of miR34a was normalized to U6.
Data are expressed as means � SD (n � 3). (B) Total lysates from PC-3, DU-145, and LNCaP cells were
analyzed by immunoblotting for SIRT1 expression. GAPDH was used as a loading control. Results are from
a representative experiment. (C) PC-3, DU-145, and LNCaP cells were infected with VSVΔM51-GFP (MOI
of 10�2). Infectivity was determined at 24 h p.i. by fluorescence microscopy or quantified by flow
cytometry. Data represent means � SD of results from three experiments.
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Cellular replicative senescence has been described as a reprogramming of the
cellular phenotype that facilitates increased viral replication, mainly due to impaired
viral sensing and dampening of IFN induction by host cells (39). HDAC inhibition elicits
a SASP response, due to chromatin remodeling, in the absence of DNA breaks (40).
Treatment with several HDIs induced growth arrest and senescence-like phenotypes in
different normal and cancer cells (41, 42), through upregulation of cell cycle inhibitors
p21WAF1 and p16INK4A. p21, in turn, downregulates a number of genes involved in
cell cycle progression. Furthermore, HDAC inhibition causes strong activation of expres-
sion of canonical SASP factors, such as interleukin-6 (IL-6) and IL-8, that is dependent upon
DNA damage response (DDR) and mediated by ATM and NF-�B (40). Consistently, treat-
ment of PC-3 with HDIs caused significant upregulation of p21 (Fig. 1F and G), together
with downregulation of CDK6 and CCDN1 gene expression (Fig. 1F), which halted cell
proliferation and induced inflammatory cytokines IL-6 and IL-8 (Fig. 2F).

SIRT1 is the most widely studied among senescence-associated genes and nega-
tively regulates the expression of the SASP component through epigenetic gene
regulation. Depletion of SIRT1 augmented the acetylation state of histone 3 (H3) and H4
on the promoter regions of SASP factors even in cells that were not undergoing
senescence (43). Interestingly, all tested HDIs, except the specific HDAC6 inhibitor
Tubastatin A, elicited a robust decrease in SIRT1 at either the gene expression level or
the protein level (Fig. 3A and B).

SIRT1 regulates the function of several important transcription factors, such as p53,
FoxO and NF-�B (11). Previous studies have demonstrated that SIRT1 is a potent
inhibitor of NF-�B transcription, and acts by directly deacetylating the RelA/p65 subunit
in the NF-�B complex. Specific deacetylation of Lys310 inhibited the transactivation
function of RelA/p65, increased its export from the nucleus, and consequently de-
creased transcription of NF-�B-dependent genes (44). Strikingly, we previously dem-
onstrated that HDI treatment resulted in the increased expression of a subset of
NF-�B-regulated genes and demonstrated by mass spectrometry that HDI treatment
resulted in the maintenance of the acetylated Lys310 in RelA/p65 (10). On the basis of
the current studies, it is tempting to speculate that inhibition of SIRT1 activity by SAHA,
resminostat, and MS-275 is responsible for the maintenance of the RelA/p65 acetylation
at Lys310. Furthermore, several studies have shown that blocking the serine/threonine
p38 mitogen-activated protein kinase (p38MAPK) attenuates NF-�B-driven transcrip-

FIG 7 Schematic of SIRT1 and miR-34a-mediated regulatory role in the permissivity of prostate cancer cells
to VSVΔM51 replication and oncolysis. HDAC inhibitors upregulate the microRNA miR-34a, which, in turn,
negatively regulates the level of SIRT1 and antiapoptotic Bcl2 proteins. SIRT1 inhibition mediates the
activation of NF-�B, contributing to the enhancement of VSVΔM51 infection and cancer cell killing.
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tional activity indirectly, by regulating RelA/p65 acetylation at Lys310 (45). Indeed,
pretreatment with the specific p38MAPK inhibitor BIRB-796 reversed SAHA-mediated
enhancement of VSVΔM51 infectivity in PC-3 cells, further supporting the key role of
p65 acetylation (data not shown).

NF-�B signaling has also been shown to downregulate SIRT1 activity, with NF-�B
binding to the miR-34a promoter, leading to the induction of miR-34a expression (46,
47). In turn, miR-34a can regulate cell proliferation, senescence, and apoptosis, through
downregulation of multiple targets such as CDK4, CDK6, cyclin D1, E2F3, and BCL2 (28).
In this context, miR-34a also targeted Bcl-2 family members in PC-3 cells; levels of Bcl-xL
and Mcl1 mRNA were decreased and levels of proapoptotic BH3-only members—Noxa
and Puma—were increased following treatment with SAHA, RESM, and MS-275 (Fig.
2D). These findings collectively suggest that activation of the intrinsic mitochondrial
death pathway could trigger HDI-induced apoptosis (48).

Reduced levels of miR34a expression have been reported in prostate, colon, and
ovarian cancer and in chronic lymphocytic leukemia (CLL), mainly due to aberrant CpG
methylation of the miR-34a promoter or altered function of p53, which directly controls
miR-34a expression (28, 49–51). In TP53-defective cells such as PC-3 cells, the miR-34a
response was mediated by HDAC1 (52), further corroborating our findings on the
upregulation of miR-34a expression upon HDAC inhibition (53).

Finally, a more practical use of SIRT1 and/or miR-34a levels may be to exploit these
values as predictors of response to OV therapy that could aid in discriminating between
cancers that would be amenable to an oncolytic-immunotherapy approach. As yet, we
do not know if replication of other oncolytic-virus candidates is also modulated by or
is dependent on Sirt1 and/or miR-34a expression. The prognostic value of SIRT1 levels,
as well as the prediction of therapeutic efficacy, represent ongoing studies to address
the generality of the Sirt1 restriction of oncolytic-virus efficacy.

MATERIALS AND METHODS
Reagent and antibodies (Abs). SAHA was purchased from Sigma; MS-275 was purchased from

AdipoGen; and resminostat, Tubastatin A, nicotinamide, and resveratrol were purchased from Cayman
Chemicals and were dissolved in dimethyl sulfoxide (DMSO). Anti-VSV G, anti-SIRT1, anti-p21, anti-p62,
anti-Bcl-xL, and anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase) were purchased from
Santa Cruz Biotechnology. Anti-p16/INK4A was purchased from Invitrogen. Anti-FLAG was purchased
from Sigma. Anti-cleaved-caspase-3 (Asp175), anti-PARP, anti-LC3B, anti-I�B�, anti-acetyl-�-tubulin, anti-
acetyl-histone H3, and anti-�-actin were purchased from Cell Signaling.

Cell culture. Human PC-3 cells were provided by Antonio Filippini (Sapienza University), while
DU-145 and LNCaP were obtained from Francesca Cutruzzolà (Sapienza University). PC-3, DU-145, and
LNCaP cells were cultured in RPMI 1640 medium (Euroclone) supplemented with 10% fetal bovine serum
(FBS) (Gibco) and 1% antibiotics (Euroclone). U-2 OS and BHK-21T7 cells were obtained from ATCC and
were grown in Dulbecco’s modified Eagle’s medium (DMEM), 10% FBS, and 1% antibiotics.

VSV production, quantification, and infection. VSVΔM51-GFP is a recombinant derivative of the
VSV Indiana serotype, as previously described (8), and was provided by John Bell (Ottawa Health Research
Institute). VSVΔM51 was propagated on Vero cells, and virus titers were quantified by a standard plaque
assay method on BHK-21T7 cells as described previously (9).

In vitro treatment with drugs and infection with VSV�M51. Cancer cell lines were pretreated for
24 h with the indicated inhibitor and then infected at the indicated MOIs with VSVΔM51 for a subsequent
24 h. Images of GFP-positive cells were obtained by the use of an Olympus fluorescence microscope. The
percentage of infected cells was determined based on GFP expression by using a BD FACSCanto II
instrument (BD Biosciences). Data were analyzed by using FlowJo software.

Cell cycle, cell viability, and apoptosis analyses. For cell cycle analyses, after trypsinization, cells
were fixed in 70% ethanol at �20°C. Samples were then washed in phosphate-buffered saline (PBS) and
incubated for 30 min at 37°C with PI solution (0.1% Triton X-100, 50 �g/ml propidium iodide, 200 �g/ml
RNase A). A total of 20,000 events were acquired (BD FACSCanto II, BD Biosciences), and the cell cycle
distribution was analyzed by using FlowJo software. Cell viability and apoptosis were assessed by flow
cytometry measuring annexin V and 7-aminoactinomycin D (7-AAD)-positive populations.

Protein extraction and immunoblot analysis. Total protein extracts were obtained by lysing cells
for 30 min at 4°C in lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% NaDoc
(sodium deoxycholate), 1% SDS) in the presence of protease and phosphatase inhibitors. Proteins were
resolved by SDS-PAGE on 4% to 20% precast Novex Tris-glycine gradient gels (Thermo Fisher Scientific) and
blotted onto nitrocellulose membranes (GE Healthcare) (pore size, 0.22 �M). Blots were incubated with the
indicated primary antibodies, extensively washed with TBST, and, after incubation with horseradish peroxi-
dase (HRP)-labeled goat anti-rabbit or goat anti-mouse Abs (GE Healthcare), developed with an enhanced
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chemiluminescence (ECL) detection system per the instructions of the manufacturer (Thermo Fisher Scien-
tific).

mRNA extraction, total RNA extraction, and quantitative PCR (qPCR) assay. RNA extraction was
performed by using an RNeasy minikit (Qiagen), and cDNA was synthesized using a High-Capacity cDNA
reverse transcription (RT) kit (Applied Biosystems). Real-time RT-PCR was carried out using TaqMan Fast
Advanced Master Mix (Applied Biosystems). The expression level of the analyzed genes was normalized
to that of GAPDH. Total RNA containing miRNA was extracted using NucleoSpin miRNA (Macherey-Nagel)
for quantitation of miR-34a, and cDNA was synthesized using a TaqMan MicroRNA reverse transcription
kit (Applied Biosystems). Real-time RT-PCR was performed using a TaqMan MicroRNA assay kit (Applied
Biosystems). The expression level of miR34a was normalized to that of U6.

siRNA, plasmid, and cell transfection. For siRNA experiments, PC-3 cells were transfected with
40 pmol of human Sirt1 or with control siRNA purchased from Santa Cruz Biotechnology diluted in
Opti-MEM (Gibco), using Lipofectamine RNAiMax as indicated by the manufacturer’s instructions. PC-3
cells were incubated for 48 h and then infected with VSVΔM51 at the indicated MOI.

The FLAG-SIRT1 WT vector and the H363Y mutant were gifts from Michael Greenberg (Addgene
plasmid catalog no. 1791 and catalog no. 1792 [RRID:Addgene_1791 and RRID:Addgene_1792, respec-
tively]) (54). Two hundred nanograms of SIRT1 WT or the H363Y mutant or empty vector was transfected
in U-2 OS cells by using Lipofectamine 3000 as indicated by manufacturer’s instructions. U-2 OS cells
were incubated for 24 h and then infected with VSVΔM51 at the indicated MOI.

miRNA overexpression and inhibition. Modulation of miR-34a expression in PC-3 cells was
performed using pre-miR-34a (mimic) or anti-miR-34a (inhibitor) (Ambion). A pre-miR negative control
and an anti-miR inhibitor negative control were used as scrambled RNA negative controls for mimic and
inhibitor, respectively. Transfections were performed using Lipofectamine RNAiMax according to the
instructions of the manufacturer. Medium was changed after 6 h, and PC-3 cells were incubated for 24 h
and then infected with VSVΔM51 at the indicated MOI.

Statistical analysis. Values were expressed as means � standard deviations (SD). Graphs and
statistics were computed using Microsoft Excel or GraphPad Prism 5. An unpaired, two-tailed Student’s
t test was used to determine the significance of the differences between the control and each
experimental condition. P values of less than 0.05 were considered statistically significant (***, P 	 0.001;
**, P 	 0.01; *, P 	 0.05).
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